INTRODUCTION {#s1}
============

p53 was originally discovered as a host protein associated with SV40 large T-antigen (T-ag) \[[@R1], [@R2]\]. It was later found to be a major tumor suppressor, mutated in \~50% of isolated tumor tissues \[[@R3], [@R4]\]. p53 has been described as "guardian of the genome" due to its central role in keeping genome integrity in response to genotoxic stress \[[@R5], [@R6]\] as well as many other insults \[[@R7]\]. As a transcription factor \[[@R8]\] p53 activates or represses a variety of target genes, leading to DNA repair, cell-cycle arrest, senescence, or apoptosis \[[@R9], [@R10]\]. The choice of p53 target genes depends on p53 protein levels \[[@R11]\], modification state \[[@R12], [@R13]\] \[[@R14], [@R15]\], and its temporal behavior \[[@R16]\] \[[@R17]\].

Being a central cellular sensor of external insults, the activity of p53 is regulated by multiple posttranslational modifications, including phosphorylation, acetylation and ubiquitination affecting its stability and activity \[[@R18]\]. A major regulator of p53 is the E3 ubiquitin ligase Mdm2, which leads the protein to proteosomal degradation \[[@R19], [@R20]\]. p53 induces Mdm2 transcription, creating a negative feedback loop that keeps p53 at a low steady state level in the population \[[@R21], [@R22]\] with sporadic, spontaneous pulses of p53 in single cells \[[@R23]\], and a series of pulses in response to DNA damage \[[@R24], [@R25]\].

SV40 is a small, non-enveloped DNA virus belonging to polyomaviridea. Its genome is a 5.2 KB circular double stranded DNA. The viral T-ag is a major regulator of the viral life cycle, as its expression is absolutely required for initiation of viral DNA replication, propagation of viral progeny and cell lysis. T-ag is expressed soon after nuclear entry of the viral genome, during the early phase of the infection. It regulates its own transcription by feedback inhibition \[[@R26]\] as well as the transition from early to late gene expression by activating the late promoter \[[@R27]\]. The late phase of infection includes biosynthesis of the capsid proteins, virion assembly and induction of necrotic cell lysis \[[@R28], [@R29]\].

SV40 is readily propagated in the laboratory, and has therefore served as a paradigm for studying polyomaviruses, including the known human pathogens BK and JC \[[@R30]\]. Polyomaviruses are abundant in birds and mammals, with a highly conserved structural organization. Most are restricted to specific hosts and cells, due to limited receptor recognition and different requirements for cellular regulatory factors. In recent years new polyomoviruses have been isolated from human tissues, bringing the number of human members of the family to ten \[[@R31]\]. At least two of these appear to be associated with human diseases, Merkel cell polyomavirus (MCV) \[[@R32]\] and trichodysplasia spinulosa-associated polyomavirus (TSV) \[[@R33]\].

SV40 infection is a slow process. The virus enters the cells via endocytosis, by binding to ganglioside GM1 in caveolar/lipid raft domains at the plasma membrane \[[@R34]-[@R36]\]. SV40 also adsorbs to a number of cellular protein receptors \[[@R37]\] accounting for its wide tropism and for the induction of a complex signaling network \[[@R38], [@R39]\]. The virus traffics via the endosomal pathway into the ER \[[@R40]\], where it disassembles at 5-6 hours \[[@R41], [@R42]\]. The free minichromosome enters the nucleus by direct passage from the ER through viroporins in the inner nuclear envelope \[[@R43]-[@R45]\]. Nuclear entry is at \~8 hours \[[@R44]\]. Protein phosphorylation arrays revealed that during the first 6 hours of SV40 infection the virus elicits concurrently two opposing pathways: pro-apoptotic, via PARP-1 and p53, and anti-apoptotic, via Akt-1 and Hsp70 \[[@R39]\]. Remarkably the pathways are robustly balanced, as the infected cells neither apoptose nor proliferate. Akt-1 is absolutely required for the infection and its inhibition completely eliminated expression of T-ag \[[@R39]\].

Here we demonstrate that unlike Akt-1, p53 participates in host defense. Induction of apoptosis is a common host defense mechanism elicited by p53, viewed as an "altruistic" measure taken by infected cells to save the organism. However in the case of SV40, p53 activation does not lead to apoptosis. Instead we revealed that p53 protects cells from SV40 infection by a new mechanism; it binds to the viral DNA when it enters the nucleus and interferes with the progress of infection by repressing T-ag transcription.

RESULTS {#s2}
=======

p53 is activated following SV40 infection {#s2_1}
-----------------------------------------

We have previously reported the use of antibody arrays to monitor serine phosphorylation events following SV40 infection of CV-1 cells \[[@R39]\]. Of the total 370 proteins identified in that screen, 29, including p53, participate in the DNA damage response (Figure [1A](#F1){ref-type="fig"}). p53 is phosphorylated at a moderate level at 6 hours post infection. To validate and further explore this finding we infected CV-1 cells and analyzed whole cells lysates at several time points. Western blotting (Figure [1B](#F1){ref-type="fig"}) indicated that at 8 and 9 hours post infection level of total p53 rises significantly above the mock (*p* = 0.05 and 0.04 respectively) and it becomes phosphorylated at S392 (*p* = 0.02 and 0.002, respectively). p53 phosphorylation parallels an increase in the p53 protein, suggesting that SV40 infection leads to p53 induction as well as activation. S392 phosphorylation is associated with enhancement of p53 binding to DNA \[[@R46]-[@R48]\] and tetramer formation \[[@R49]\]. We have not seen phosphorylation at S15 (Figure [S1](#SD1){ref-type="supplementary-material"}), which functions in p53 transcriptional activation \[[@R50]\].

![SV40 infection triggers activation of p53\
**A.** Serine-phosphorylation of 29 proteins annotated to participate in DNA-damage signaling was probed in mock-infected and SV40-infected (moi 10) CV-1 cells using antibody arrays \[[@R39]\]. Red colors indicate increased phosphorylation compared to mock-infected cells. p53 is marked with a red arrow. **B.** Western blot analyses of whole cell lysates detecting total p53 and p53 phosphorylation at S392. **C.** Quantification of 3 independent infection experiments. The bands were quantified and the levels of total p53 and S392 bands were normalized to GAPDH. Since the level of total p53 increased also in the mock, presumably due to their approaching contact inhibition, we subtracted the values of the normalized bands of the 3 mock infections from their corresponding bands of SV40 infection. The same was done for S392 bands. The graph depicts average of 3 experiments; standard errors are represented by bars. **D.** Immuno-histochemistry of CV-1 cells. Cells were co-stained for total p53 and for p53 phosphorylated at S392, 9 hours post infection by SV40.](oncotarget-07-52643-g001){#F1}

Activation of the transcription factor p53 is associated with its nuclear localization. Immunostaining of CV-1 cells 9 hours post infection (Figure [1D](#F1){ref-type="fig"}) demonstrates that in some of the cells p53 level is increased and the protein is localized to the nucleus, consistent with its activation. Furthermore, the same cells also stain positive for phosphorylated S392, implying activation by S392 phosphorylation. The representative images demonstrate wide-ranging cellular heterogeneity with respect to p53 staining. However, screening many fields we observed that elevated p53 was always localized to the nucleus and consistently merged with S-392 phosphorylation.

The role of p53 in SV40 infection {#s2_2}
---------------------------------

Our previous studies demonstrated that SV40 activates proteins that are required for its infection, such as PLC-gamma, Akt-1 and caspases 6 and 10. Inhibition of any of those led to elimination of T-ag expression \[[@R39]\]. Our working hypothesis was that in analogy to those proteins, p53 would also be required for the infection to proceed. Since a specific efficient inhibitor for p53 is not available \[[@R51], [@R52]\], we instead increased p53 level by treating cells with the Mdm2 inhibitor Nutlin3 \[[@R53]\].

Western blotting experiments indicated that p53 levels were significantly increased (by approximately 50-fold) following 16 hours treatment with 20 μM Nutlin3 of both mock and SV40-infected CV-1 cells (Figure [2A](#F2){ref-type="fig"}). Therefore in the following experiments cells were pre-treated with Nutlin3 for 16 hours prior to the infection, and Nutlin3 was re-added to the medium following the adsorption period. Note that SV40 infection, regardless of Nutlin3 treatment, results in accumulation of p53 late in infection (at 24 hours), as was previously reported \[[@R54], [@R55]\].

![p53 functions in host defense against SV40\
**A.** CV-1 cells were pre-treated with 20 μM Nutlin3 in 1% DMSO, or with 1% DMSO without Nutlin3, for 16 hours before infection. The western blot shows that Nutlin3 treatment dramatically increased p53 levels. At 24 hours post infection p53 is elevated in infected cells due to the infection and regardless of Nutlin3 treatment. **B.** SV40 infectivity following Nutlin3 pre-treatment in CV-1 cells. Cells treated as in panel A were infected at several moi\'s and the percentage of infected cells was determined 24 hours post adsorption by FACS staining of T-ag, as previously described \[[@R56]\]. Data points represent mean ± S.E. of three independent experiments. The decrease in infection of the Nutlin3 treated cells is statistically significant (*p*-value \< 0.01, one-sample t-test). **C.** Western blot showing p53 level in p53-positive and negative MCF7 cells, harvested 24 hours post infection. As expected, there is no p53 in the negative cell-line. **D.** SV40 infectivity of the MCF7 cell lines. Cells were infected at several moi\'s and the percentage of T-ag positive cells was determined 24 hours post adsorption. The increase in infection of the p53 negative cell line is statistically significant (data points for 3 independent experiments; *p*-value \< 0.01, one-sample t-test).](oncotarget-07-52643-g002){#F2}

Assuming that p53 is needed for the infection, we expected that Nutlin3 pre-treatment would increase SV40 infection rate, measured as the percentage of T-ag positive cells at 24 hours post infection by FACS. As the number of T-antigen positive cells at 48 hours accurately represents the viral titer \[[@R56]\], we used this method as a measure for infection level. To our surprise Nutlin3 significantly reduced the percentage of T-ag positive cells (Figure [2B](#F2){ref-type="fig"}), suggesting that p53 hinders the infection rather than supporting it. At moi 0.3 Nutlin3 reduced SV40 infectivity from 5 to 1.2% T-ag positive cells and at moi 10 it was reduced from 60 to 31%. These results suggested to us that early in the response to SV40 infection p53 participates in host defense.

We further validated the potential host protective role of p53 by reducing its level in the human breast-cancer MCF7 cells. We used a pair of MCF7 cell-lines, p53 positive and p53 negative, the latter derived by stable transfection with shRNA against p53 \[[@R57]\]. We found that the proliferation rate of both cell-lines was similar, with a generation time of \~24 hours, until they reach \~70% confluence ([Figure S2](#SD1){ref-type="supplementary-material"}). Beyond that point proliferation of the p53-positive cells began to slow down significantly, while the p53-negative cells continued to proliferate at the same rate as before.

Cells carrying sh-p53 had no detectable levels of p53 either in mock or SV40-infected cells (Figure [2C](#F2){ref-type="fig"}). The absence of p53 in these cells led to a \~50% increase in their susceptibility to SV40 infection at moi ranging from 0.3 to 10 (Figure [2D](#F2){ref-type="fig"}). These results support an anti-SV40 activity of p53 as was suggested by the results in CV-1 cells.

p53 activation and its effect on SV40 infection in single cells {#s2_3}
---------------------------------------------------------------

Our immunostaining experiments revealed that p53 activation is not uniform throughout the culture. In some infected cells nuclear p53 is abundant while in others it is hardly visible (Figure [1D](#F1){ref-type="fig"}). The multiplicity of infection (moi) in these experiments was 10 plaque-forming units per cell (pfu/cell). SV40 infectivity is low, and each pfu represents \~200 DNA-containing virions \[[@R39], [@R58]\]. At this multiplicity of infection, over 90% of the cells internalize the virus ([Table S1](#SD1){ref-type="supplementary-material"}). Furthermore, treatment with Nutlin3 had only a minimial effect on viral entry (83% positive cells compared to 94% in the untreated cells, [Table S1](#SD1){ref-type="supplementary-material"}), which by itself cannot explain the pronounced effect of Nutlin3 treatment on T-ag expression (23% positive cells compared to 78% in the untreated cells, [Table S1](#SD1){ref-type="supplementary-material"}). Thus the considerable cellular heterogeneity in p53 is unlikely to be related to variability in cellular entry of the virus.

This wide heterogeneity in p53 levels six hours after infection could be interpreted in at least two ways: i. only a subset of the infected cells activate p53 during the infection; ii. activation of p53 is transient and not synchronized, occurring at different times in different cells. To better understand p53 dynamics at the individual cell level we performed time-lapse imaging of SV40-infection of an MCF7 cell-line that expresses a p53-venus fusion protein. The p53-venus of this clone was previously shown to faithfully mimic the behavior of endogenous p53 as determined by western blots of cells in response to different stress signals \[[@R16], [@R23], [@R25]\].

Since MCF7 cells are about 3-fold less susceptible to SV40 infection than CV-1 \[[@R59]\] infections in subsequent experiments were performed at moi 30. (equivalent to \~6000 virion particles/cell), to ensure that the virus entered most of the cells. The infected cells were cultured for 48 hours in a microscope chamber under controlled conditions, and images were acquired every 20 minutes. At the end of the experiment the cells were fixed and stained for T-ag. The infected cells were therefore classified into two categories - productively infected (T-ag positive at 48 hours) and abortively infected (T-ag negative). Figure [3A](#F3){ref-type="fig"} shows snapshots of cells at different times after infection of a productively infected cell (upper panel) and an abortively infected cell (lower panel). Mock-infected cells were similarly treated and analyzed.

![Dynamics of p53 in single cells following SV40 infection\
MCF7 cells carrying a p53-venus fusion protein were infected at moi 30. Images were taken every 20 min for 48 hours, at which time the cells were fixed and stained for T-ag. The data represent tracked cells from 4 independent experiments **A.** Representative images of SV40-infected cells. p53-venus appears in green and T-ag staining in red. The upper panels show a productively infected cell (white arrow, T-ag positive at 48 hrs) at the indicated time points; the lower panels show abortive infection (white arrow). **B.** Heat-maps representing the dynamics of p53 fluorescence in individual cells. Data include 46 mock infected (left panel) and 117 SV40-infected, including 51 abortively infected (middle panel) and 66 productively infected MCF7 cells (right panel). Each row represents a single cell. Relative p53 level in each cell over time is evaluated by the level of Venus fluorescence. The data are color-coded, from blue (low levels) to red (high levels). Analyses of the data are presented in panels (C) and (D). **C.** Mean p53 level of each group of cells, in arbitrary units determined as mean fluorescence, is represented over time. See S3 Figure for zoom in on the data for the first 12 hours after infection. **D.** Mean fluorescence of individual cells, represented by small circles, during the first 12 hours of infection. p53 fluorescence in the mock and productively infected cells are similar (*p*-value = 0.99, two-tailed t-test). Abortively infected cells are clustered into two subgroups, with high and low p53 levels. p53 fluorescence of the abortively infected cells (both subgroups taken together) is significantly different from both mock and productively infected cells (*p*-value \< 0.001, one-tailed t-test).](oncotarget-07-52643-g003){#F3}

Analysis of 46 mock-infected cells confirmed no major changes in p53 levels in the majority of those cells (Figure [3B](#F3){ref-type="fig"}, left panel). A small number of the mock-infected cells showed short pulses of p53, which resembled the previously described spontaneous p53 pulses in actively dividing cells \[[@R23]\]. The cellular heterogeneity with respect to p53 induction was reproduced in this experiment as well. We followed p53 levels in a total of 117 SV40 infected cells. T-ag staining revealed that 66 cells (\~56%) were productively infected, while in the other 51 cells (\~44%) the infection was abortive. Strikingly, all the cells with high levels of p53 during the first 12 hours of infection aborted the infection (Figure [3B](#F3){ref-type="fig"}, middle panel), while none of the cells with productive infection had high p53 during that period (right panel). This finding underscores the host-protective role of p53 against SV40 during the first phase of the infection. Note the presence of abortively infected cells with low p53 levels during the first 12 hours. These cells suggest the existence of other, p53-independent anti-viral factors that block SV40 infection. Alternatively, it is possible that in these cells the infection was aborted due to elevation of endogenous p53, which was not measured in these experiments.

As seen in Figure [3B](#F3){ref-type="fig"}, some of the productively infected cells showed significant levels of p53 later in the infection, when T-ag was already present, consistent with early reports demonstrating that p53 accumulates in SV40 infected cells \[[@R54], [@R55]\], but is rendered inactive by T-ag \[[@R60]\].

Figure [3C](#F3){ref-type="fig"} depicts the mean fluorescence of p53 for each group for the entire 48 hours of the experiment. For clarity the data for the first 12 hours, which appear to be crucial for the decision between infection progress versus its arrest, are expanded in [Figure S3](#SD1){ref-type="supplementary-material"}. During that time period abortively infected cells show a higher mean fluorescence than either productively infected or mock-infected cells. This analysis accentuates the switch that occurs at 12-20 hours, when the average p53 level in the productively infected cells increases while it decreases in the abortively infected cells.

In another analysis the mean level of p53 for each individual cell during the first 12 hours was computed and is shown in Figure [3D](#F3){ref-type="fig"}. In agreement with Figure [3C](#F3){ref-type="fig"} and [Figure S3](#SD1){ref-type="supplementary-material"}, all the productively-infected cells exhibited low p53 levels, \< 550 RU (relative units), which is similar to most of the mock-infected cells. The abortively infected cells on the other hand were grouped into two distinct subclasses, one with high p53 levels, 750-1150 RU, and the other with low p53, \< 400 RU. p53 fluorescence of the abortively infected cells (both subgroups taken together) is significantly different from both mock and productively infected cells. This analysis highlights the role of p53, and possibly other unknown factors, in host protection. We have concluded that a bi-stable decision of the infection progress depends on p53 levels during the first 12 hours post infection. Furthermore, since the difference in p53 levels between productive and abortive infections already observed at time 0, we suggest that the progress of infection depends on the basal levels of p53 prior to the infection itself.

What is the mechanism of p53 mediated cell defense? {#s2_4}
---------------------------------------------------

p53 may lead to host protection by directing the infected cell to apoptosis, as shown for vesicular stomatitis virus (VSV), influenza A, herpes simplex (HSV) and poliovirus \[[@R61]\]. Another potential p53 defense mechanism, detrimental to viruses requiring cell division for infection, is cell cycle arrest.

To test for these possibilities we asked whether the canonical p53 target genes Bax, a central regulatory factor of the apoptotic pathway, and p21, a cell-cycle arrest gene, are increased following SV40 infection. As seen in Figure [4](#F4){ref-type="fig"}, the infection does not lead to a significant rise of mRNA levels of either Bax or p21 with respect to the mock in both CV1 and MCF7 cells. These results suggest that neither apoptosis nor cell cycle arrest account for p53 host defense against SV40.

![mRNA levels of the p53 target genes, p21 and Bax\
Mock and SV40-infected cells were harvest at 6, 12 and 24 hrs post infection and RNA was extracted. mRNA levels of the p53-target genes that regulate cell cycle and apoptosis were analyzed by quantitative RT-PCR. The primers are listed in S1 Table. **A.**-**B.** CV-1 cells; **C.**-**D.** MCF7 cells. The figure presents averages and standard error of 3 independent experiments. Levels of both Bax and p21 were not significantly different between mock and SV40-infected cells in both cell lines (p-value \> 0.05, two-tailed t-test).](oncotarget-07-52643-g004){#F4}

However, it was still feasible that p53 induces apoptosis or cell-cycle arrest via the activation of other cellular targets. We therefore asked whether the increase in p53 following Nutlin3 treatment affects the cell cycle or induces apoptosis in CV-1 cells. As seen in Figure [2A, 2B](#F2){ref-type="fig"} 16 hours pre-treatment with Nutlin3 elevates p53 level \~50 fold, leading to a reduction in SV40 infection at moi\'s of 0.3-10 by 50-75%. We asked whether Nutlin3 pretreatment affected CV-1 cell cycle at the time of infection. As seen in Figure [5](#F5){ref-type="fig"}, treatment with Nutlin3 for 16 hours did not significantly change the proportion of cells in G0/G1 (from 65 to 70%, *p*-values = 0.5), G2/M (from 23 to 28%, *p* = 0.2), or the percentage of apoptotic cells (1.43 to 1.40%, *p* = 0.9). The only significant Nutlin3 effect was a reduction in S-phase cells (from 10.2% without Nutlin3 to 0.8% with Nutlin3, *p* = 0.03). However, reduction in the proportion of S-phase cells at the time of infection is unlikely to account for the protective effect of p53, as SV40 does not rely on S-phase for entry or for its DNA replication \[[@R62]\].

![The effect of p53 elevation on the cell-cycle of CV-1\
CV-1 cells were treated for 16 hours with 20 μM Nutlin3 in 1% DMSO (colored red in Figure [5B](#F5){ref-type="fig"}) or with 1% DMSO without Nutlin3 (colored blue in Figure [5B](#F5){ref-type="fig"}). The cells were harvested by trypsinization and fixed with 70% ethanol overnight. For FACS analysis the cells were treated with RNAse and stained with Propidium Iodide.](oncotarget-07-52643-g005){#F5}

Taken together, these results strongly suggest that the main effect of p53 elevation on the fate of the infection is not mediated by cell cycle modifications. Furthermore, the results are consistent with our previous studies, which demonstrated that SV40 infection does not induce apoptosis in CV-1 cells, analyzed at 9, 18 and 24 hours, way beyond the decision between abortive and productive infection (Figure [3](#F3){ref-type="fig"} in \[[@R39]\]). In addition, apoptosis was not detected in the MCF7 cells imaged in the single-cell experiments for the 48 hours of the experiment. Lastly, SV40 readily infects quiescent cells and its nuclear entry does not depend on cell division \[[@R44], [@R45]\].

Another potential mechanism by which p53 may act as an anti-viral factor is through the induction of interferon-stimulated genes (ISGs) \[[@R63]\], as demonstrated for Sendai virus (SeV), Influenza and hepatitis C (HCV) \[[@R61]\]. In addition, ISGs were induced by ectopic expression of T-ag \[[@R64], [@R65]\] in mouse embryonic fibroblasts (MEFs), which are non-permissive for SV40 propagation. We proceeded to analyze whether ISGs are induced following infection by the wild type virus, of the SV40-permissive MCF7 and CV-1 cells.

We studied expression of 5 ISGs previously shown to be upregulated in a p53-dependant manner upon viral infections, Mx1, RIG-I, IRF7, IRF9 and OAS-1 \[[@R63], [@R66], [@R67]\]. Our experiments (Figure [6C-6G](#F6){ref-type="fig"}) show that mRNA levels of none of the five genes increased following infection of MCF7 cells above the level seen in the mock-infected cells. In CV-1 cells mRNAs of only two of the five genes could be amplified, either due to very low levels of expression or sequence difference between the human primers and the monkey genome. None of the mRNAs tested was higher in the SV40-infected cells compared to the mock control.

![Interferon stimulated genes are not induced in SV40 infected cells\
Mock or SV40-infected cells were harvest at 6, 12 and 24 hrs post infection and RNA was extracted. mRNA levels of interferon stimulated genes were analyzed by quantitative RT-PCR. The primers are listed in S1 Table. **A.**, **B.** CV-1 cells; **C.**-**G.** MCF7 cells. The figure presents averages and error bars of 3 independent experiments. The mRNA levels of all the tested genes were not significantly different between mock and SV40-infected cells (*p*-value \>0.05, two-tailed t-test). The only exception was IRF9 at 12 hours, when the mock mRNA was slightly higher (*p* = 0.044) than that of the infected cells.](oncotarget-07-52643-g006){#F6}

The disagreement between our data and The findings cited above, in which ISGs were induced following ectopic expression of T-ag in MEFs \[[@R64], [@R65]\], most likely results from the profound difference between viral infection and ectopic expression of a single gene. This explanation is in complete accord with our previous study \[[@R59]\], in which we found that SV40 evades immune attack by Natural Killer cells by down regulation of the stress-induced ligand ULBP1, while ectopic expression of T-antigen led to the opposite outcome, inducing the same stress ligand. Note that transcription of the late SV40 RNA is continuous, overlapping the early transcript. It most likely functions as antisense to T-ag mRNA in viral infection, but not in ectopic T-ag expression \[[@R68]\]. Hence ectopic expression of T-ag may lead to results that are non relevant (or even contradictory) to the context of infection with the wild type virus.

We concluded that neither apoptosis nor induction of ISGs is likely to operate in SV40-infected cells.

p53 binds to the infecting SV40 DNA and down-regulates T-ag mRNA level {#s2_5}
----------------------------------------------------------------------

A number of viral and cellular promoters, including the early SV40 promoter and HIV promoter, were shown to be repressed by wild type p53 \[[@R69], [@R70]\]. We therefore asked whether the p53 host protection mechanism might be through direct repression of T-ag expression. This mechanism is consistent with the decrease in the percentage of T-ag expressing cells (Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). We tested whether the p53 effect is at the level of T-ag transcription. To answer this question we quantified T-ag mRNA expressed under different levels of p53, manipulated via Nutlin3 treatment. As seen in Figure [7A](#F7){ref-type="fig"}, T-ag mRNA was not detected at 0 and 7 hours, before nuclear entry. Importantly, from 7 hours on, treatment with Nutlin3 significantly decreased the level of T-ag mRNA (*p*-values = 0.03 and 0.009 for 12 and 24 hours, respectively). Although we have not ruled out that Nutlin3 enhances T-ag mRNA degradation, this possibility seems unlikely. Regardless, expression of T-ag is dramatically reduced when p53 level is increased \~50 fold by Nutlin3 pre-treatment (Figure [2A](#F2){ref-type="fig"}).

![p53 binds to the SV40 early promoter, correlating with a decrease in T-ag mRNA\
**A.** CV-1 cells, with or without 16 hours Nutlin3 pre-treatment, were infected with SV40 and the level of T-ag mRNA, represented as relative units, was measured by quantitative RT-PCR at the indicated time-points, with HPRT RNA as an internal standard. Note that the T-ag protein is seen at 9 hours post infection ([Figure S4](#SD1){ref-type="supplementary-material"}). The results shown are mean ± S.E. of 5 independent experiments. For the statistical analysis, we compared the area under the curves and found that it was significantly lower in Nutlin3 treated cells compared to untreated cells (680±50 AU vs. 1400±142 AU, respectively. *p*-value = 0.004). **B.** Diagram of the regulatory region of the SV40 genome presenting the *ori* - origin of replication, the GC-boxes and the Enhancer, composed of duplicated 72 bp. The 3 T-ag binding sites are shown on top, and DNA sequence of the GC-boxes with the overlapping Sp1 (red) and p53 (Blue) binding sites below (<http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3>). The green arrows designate the location of the PCR primers used in the ChIP experiments. **C.** Binding of Sp1, p53 and T-ag to SV40 DNA *in vivo* was determined by ChIP at the indicated time points. DNA recovered from the immune precipitate was quantified by PCR with SV40 DNA as an internal standard. Results are mean ± S.E. of 3 independent experiments.](oncotarget-07-52643-g007){#F7}

T-antigen expression is activated via Sp1 binding at the GC-box region in the early promoter \[[@R71]\]. p53 was shown to bind at the same region *in vitro* \[[@R72]\] and *in vivo* \[[@R73]\], through sites that overlap with those of Sp1 binding (Figure [7B](#F7){ref-type="fig"}). Furthermore, *in vivo* binding of p53 reduced expression of a reporter gene (*cat*) by \~20 fold \[[@R69]\]. In addition, nuclear extracts containing p53 were shown, by gel-shift assays, to inhibit binding of Sp1 \[[@R73]\]. We hypothesized that p53-binding at the promoter underlies the decrease in T-ag expression.

To test the hypothesis we used chromatin immuno-precipitation (ChIP) and analyzed for *in vivo* binding of p53 and Sp1. We also analyzed for the binding of T-ag, since it binds to its own promoter functioning in negative autoregulation \[[@R26]\], and to the SV40 *ori*, for activating viral DNA replication \[[@R74]\], both required for progression of lytic infection.

In our hands T-ag begins appearing at a very low level (presumably in only few of the cells) at 9 hrs post infection ([Figure S4](#SD1){ref-type="supplementary-material"}), shortly after nuclear entry at 7-8 hours. The experiments were therefore performed at 10 and 16 hours post infection, during or just after the decision of the fate of the infection process. Infected CV-1 cells were harvested and the nuclear lysates were subjected to ChIP with antibodies against p53, Sp1, T-ag and a control IgG. The amounts of viral DNA precipitated by the respective antibodies were analyzed by quantitative PCR, using primers that span the GC-boxes and 2 of the 3 T-ag binding sites. SV40 DNA was used as an internal standard. The results, presented as log values in Figure [7C](#F7){ref-type="fig"}, demonstrate that p53 indeed bound to the viral DNA *in vivo*. Notably p53-DNA binding is at approximately the same level at 10 and 16 hours post infection, precipitating 38.8 and 34.7 pg DNA per 2x10^5^ cells respectively (*p*-value = 0.4). On the other hand the binding of Sp1 increased \~2 fold, during that time period, from 8.3 to 16.9 pg (*p*-value \< 0.05). Binding of T-ag to the promoter region increased over 21 fold between 10 and 16 hours post infection, precipitating 8.7 pg and 184.6 pg DNA respectively. This rise is consistent with the high rate of SV40 DNA replication during those 6 hours, which was \~20 fold (from 0.3 to 6 ng per 2x10^5^ cells). Taken together our results suggest that elevation of p53 in the first hours post infection leads to suppression of T-ag transcription through its binding to the early SV40 promoter, blocking progression of the infection.

DISCUSSION {#s3}
==========

Since its discovery 35 years ago, p53 has emerged as a key player in cellular stress responses. Mostly known for its tumor suppressor role, it has also been implicated in protecting cells from a wide range of insults, including viral infection \[[@R6], [@R10], [@R61]\].

The present study extends the large list of viruses antagonized by p53 to include SV40. The experiments were conducted in two representative cell lines, human and monkey. While the monkey is the native host for SV40, and monkey derived cell-lines are fully permissive for SV40 infection, human cells are semi-permissive, supporting viral propagation at a lower efficiency \[[@R75]\]. Our recent experiments in the human MCF7 cells showed that the virus expresses T-ag and produces progeny, at a somewhat lower efficiency compared to monkey cells \[[@R59]\].

p53 was reported to be activated by viral replication, which induces DNA damage response \[[@R76], [@R77]\], or by specific viral proteins that are expressed following the infection \[[@R78]\]. SV40, however, elicits p53 host defense by a yet unknown mechanism.

We demonstrated that p53 activation confers protection against SV40 infection. In CV-1 cells, increasing p53 level through chemical inhibition of Mdm2 caused a significant decrease in viral infection. Consistent with that finding, shRNA-mediated knockdown of p53 in MCF7 cells led to a dramatic increase in the percentage of productively infected cells. Finally, the single-cell experiments unambiguously demonstrated that elevation of p53 at the beginning of the infection completely blocked T-ag expression and progress of the infection. Note that these studies suggest the existence of additional cell protection factors, since SV40 infection was also arrested in many of the p53 negative cells. Another possibility is that the endogenous p53 accounts for at least some of the host protective effect in cells that do not show a p53-venus signal upon infection. It is worth pointing out that at the multiplicity of infection used in the present study (30) the virus enters most of the infected MCF7 cells.

The study suggests that p53 defends the host by preventing T-ag protein expression (Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). p53 was found to repress transcription from the early SV40 promoter by disrupting Sp1 binding in a dose-dependent manner (Figure [4 a,b](#F4){ref-type="fig"} in \[[@R72]\]). The DNA element interspersed within the six GC-boxes, which bind both Sp1 and p53, was identified as a pattern of helical twist angles, termed pyrimidine sandwich elements (PSEs), present in promoters of many viruses \[[@R79]\]. This element is associated with many cellular and viral promoters. Whether the downregulation by p53 is due to competition between the two regulators in DNA binding or to hetero-complex formation between Sp1 and p53 is not clear.

We have previously demonstrated that individual proliferating cells exhibit spontaneous p53 pulses above its background expression level \[[@R23]\], as also seen in the present data of the mock-infected cells. We propose a model (see Figure [8](#F8){ref-type="fig"}) in which p53 is preferentially activated by the infecting virus in those cells that are already primed for its expression (as shown in Figure [8](#F8){ref-type="fig"}). Based on the ChIP and T-ag mRNA data (Figure [7](#F7){ref-type="fig"}), we propose that in cells where p53 is activated, p53 binds to the viral GC-boxes, which overlap the Sp1 binding sites, thereby repressing Tag expression. Importantly, *in vitro* studies demonstrated that p53 competed with Sp1 on binding to the SV40 early promoter, as well as many other promoters \[[@R69], [@R70]\]. We found that *in vivo* p53 binds to SV40 DNA during or soon after viral DNA entry into the nucleus (Figure [7](#F7){ref-type="fig"}). We propose that repression of T-ag expression at that time blocks progression of the infection in those cells (Figure [8](#F8){ref-type="fig"}). At the same time *in vivo* binding of Sp1 increases, suggesting that in cells with low p53 Sp1 binds to the newly replicated DNA, thereby increasing the T-ag transcription and the infection cycle. We propose that competition between p53 and Sp1 binding at the early SV40 promoter, as demonstrated earlier \[[@R69], [@R70]\], is at the core of the p53 protection mechanism.

![Model for the mechanism of p53 host defense against SV40 infection\
**A.** Cells infected by SV40 have variable levels of p53, due to sporadic spontaneous pulses of the protein as was previously reported. Cells with higher levels of p53 are primed toward its activation after the infection (cell on the left). Sp1 is presumed to be present in all cells. **B.** Activation of p53 start around 3 hours post infection, preferably in cells in which the protein is already above steady state level. **C.** Nuclear entry at 8-9 hours. The active p53 (left cell) captures the DNA and inhibits SV40 gene expression. In the absence of active p53 (right cell) T-ag is expressed and the viral DNA replicates. **D.** Virion particles are produced only in the right cell. Our model proposes that the decision between abortive vs productive infection occurs upon nuclear entry of the viral DNA.](oncotarget-07-52643-g008){#F8}

Our results of the single cell studies supplement a growing body of work, showing that information processing by individual cells within a population may differ due to characterized and uncharacterized molecular events, as well as stochastic effects, leading to a wide variability in cell-to cell phenotype \[[@R80]-[@R82]\]. Hence the virus infects a heterogeneous cell population with respect to p53 level and presumable additional unknown cellular variables, which profoundly affect the outcome of infection.

In spite of p53 activation, mRNA of its target genes were not induced at the critical time window, 6-12 hours post infection, consistent with the lack of phosphorylation of S15, at the p53 transactivation domain. On the other hand S392 phosphorylation rises sharply at 8-9 hours. The rise follows the time of nuclear entry of the viral DNA at 7-8 hours, as defined by our previous studies \[[@R44]\] and supported by the present data: T-ag mRNA is still not visible at 7 hrs post infection and the protein starts appearing at 9 hours. These findings led us to propose that the decision between abortive and productive infection occurs as soon as the genome enters the nucleus. S392 phosphorylation enhances the DNA-binding affinity of p53, but not its transcriptional activity. In this context it is interesting that wild-type p53 has been reported to also inhibit *in vitro* T-ag dependent SV40 DNA replication by blocking the unwinding activity of T-ag \[[@R83]\]. Therefore it is possible that the infection in cells with excess p53 may be blocked even after T-ag began expression.

In the productively infected cells T-ag manipulates the host DNA replication machinery, reprogramming the cell for viral DNA replication \[[@R84]\]. T-ag was demonstrated to drive infected cells into aberrant DNA replication \[[@R85]\] by leading to activation of superfluous replication origins \[[@R86]\]. In addition, it is phosphorylated by the DNA damage signaling kinase ATM (ataxia telangiectasia-mutated) \[[@R87]\]. Notably, studies of cell populations demonstrated that ectopically expressed T-ag led to stabilization and accumulation of p53 \[[@R88]\]. Consistent with those studies, our single cell experiments show that late in the infection, when T-ag is present in substantial amounts, p53 accumulates in a significant proportion of the productively infected cells, albeit not in all. In spite of its accumulation, the function of p53 is blocked by T-ag via multiple mechanisms: by p53 sequestration, by blocking the site-specific DNA binding of p53 \[[@R60]\], or, in the absence of protein-protein complex formation, via activity of the J-domain of T-ag residing at its amino terminus \[[@R89]\]. Thus the multifaceted struggle between SV40 large T-ag and p53 that begins as soon as the viral DNA enters the nucleus via repression of T-ag transcription by p53, continues with the inactivation of p53 by T-ag through the progress of the viral life cycle.

We propose that during infection, although SV40 does not propagate in all cells, it produces sufficiently high progeny virions that are capable of infecting the surrounding, previously p53-protected cells. This may account for the complete lysis of SV40-infected cells observed in tissue culture experiments. Thus, while the mechanism underlying cellular heterogeneity is not understood, it appears that under laboratory conditions the virus has the upper hand in its battle against the host. In nature, however, host immune response as well as other factors may influence the outcome of the infection, which is manifested in the native monkey host as mild viremia or persistent latent infection.

An increasing number of the human polyomaviruses are being identified as human pathogens. The viruses are mostly widespread in the human population but are activated in immune-suppressed individual. BK may be activated following kidney or bone marrow transplantation leading to rejection as well as other complications \[[@R90]\]. Likewise, patients with underlying diseases and therapies that modulate the immune system are at high risk for activation of JC, leading to demyelinating disease, progressive multifocal leukoencephalopathy, PML \[[@R91]\]. Recently, personalized T-cell therapy targeted against the virus has been suggested as a promising treatment for these diseases \[[@R92]\]. An intriguing question is whether a similar p53-dependent host defense strategy operates in infections by pathogenic members of polyomaviridae, as well as other pathogens such as Herpes simplex, Cytomegalovirus and HIV \[[@R70]\]. Such findings will suggest novel clinical approaches that will be based on upregulation and/or activation of p53, for example by low dose irradiation.

Interestingly, the complex interaction between p53 and Sp1 in decision of the outcome of SV40 infection represents a simplified molecular model of cancer development. Sp1 is overexpressed in many types of cancer, including those carrying wild-type p53, and is considered, among other proteins, as a 'hallmark of cancer' \[[@R93]\]. Consequently, Sp1 over expression is associated with poor prognosis and it is therefore an attractive target for anticancer therapy \[[@R94]\]. External conditions that lead to tumorogenesis in p53 positive cancers may be investigated using the experimental system described here.

MATERIALS AND METHODS {#s4}
=====================

Cell culture {#s4_1}
------------

CV-1 (ATCC \#CCL70) are African Green monkey kidney cells. MCF-7 (ATCC \# HTB-22) are human breast cancer cells. The p53^+^ and p53^-^ MCF-7 cells were previously described \[[@R57]\]. Cells were cultured in high glucose Dulbecco\'s modified Eagle\'s medium containing glutamine, penicillin, streptomycin and 10% FCS. MCF-7 cells carrying the p53-venus fusion protein were cultured in RPMI+10% FCS, with penicillin, streptomycin and G418 and were previously described \[[@R23], [@R25]\].

SV40 production, purification and infection {#s4_2}
-------------------------------------------

SV40 was prepared by the di-detergent method as previously described \[[@R39]\]. Virus titer was measured by infecting CV-1 cells with serial dilutions and monitoring by FACS the percent of T-ag expressing cells \[[@R56]\]. Infections were performed when the monolayers were confluent, as described \[[@R39]\]; CV-1 cells were infected at moi 10 and MCF7 cells were infected at moi 30. To synchronize the infection, virus was allowed to adsorb for 30 min at 4°C. Time 0 designates the end of the adsorption period, when cells are washed from non-adsorbed virus, medium containing 10% FCS is added and the cultures are transferred to 37°.

Antibodies and reagents {#s4_3}
-----------------------

Primary antibodies for western blotting and for immune-histochemistry staining were anti-p53 DO-1 mouse monoclonal, (SC-126, Santa Cruz Biotechnology), Anti-p53 Pi-S392 rabbit monoclonal (ab134190), p53 Pi-S15 (ab1431) from ABCAM. Mouse monoclonal BH3 used for VP1 staining \[[@R95]\] was obtained from Ed Goodwin.

Secondary antibodies for western blotting were anti-Rabbit-HRP conjugated (ABCAM, ab97051), anti mouse-HRP conjugated (K4001, DAKO Agilent Technologies). Anti-GAPDH HRP-conjugated rabbit polyclonal (ab9385 ABCAM) was used for loading control. Secondary antibodies for immune-histochemistry were from Jackson ImmunoResearch Laboratories: Donkey anti-rabbit DyLight 488 (711485152) and donkey anti-mouse DyLight 649 (715495150). ChiP experiments were conducted with anti-p53 mouse monoclonal pAB1801 (ab28), anti-Sp1 (ChIP grade, ab13370), anti-Tag (ab416) and mouse IgG1, kappa monoclonal (MOPC-21, ab18443) for isotype control, all from ABCAM. Antibodies were used at concentrations recommended by the suppliers, following fine calibration.

Nutlin3 was purchased from Sigma-Aldrich (Cat No. N6287).

Proteomics screen {#s4_4}
-----------------

"Signal Transduction Antibody Arrays" (Hypromatrix) were used based on the manufacturer\'s protocol (<http://www.hypromatrix.com>) with some modifications as previously described \[[@R39]\].

Protein analyses {#s4_5}
----------------

Whole cell lysates were prepared using RIPA buffer \[[@R96]\]. After removal of cell debris by centrifugation, 20 μg of protein were loaded on each lane of NuPAGE 4-12% Bis-Tris-Gel (Invitrogen). Polyacrylamide gel electrophoresis (PAGE) was followed by Western blot analyses with respective antibodies. The bands were quantified using ImageJ software (developed at the NIH). The images of the Western blots in Figure [2A](#F2){ref-type="fig"} were adjusted by Adobe Photoshop CS6. For the top panels (p53) brightness was increased by 150 and contrast by 100, and for the bottom panels (GAPDH) by 70 and 25.486 The GAPDH image In Figure [2C](#F2){ref-type="fig"} was also adjusted by increasing brightness by 150 and contrast by 100.

Immunostaining {#s4_6}
--------------

Cells grown and infected on cover slips were fixed and permeabilize d with 100% cold methanol for 20 minutes at -20ºC. The cells were washed 3 times with cold PBS, incubated with primary antibodies for 1 hr at RT, washed 3 times with Tween-PBS and once more with PBS, and stained with fluorophore-conjugated secondary antibodies for 30 min at 37°C. The primary antibodies were applied at 1:100 dilution and the secondary antibodies at 1:400. Images were acquired with a Zeiss LSM710 confocal microscope, using X40 lens.

Measurement of T-ag positive cells by flow cytometry {#s4_7}
----------------------------------------------------

Flow cytometry was done as previously described \[[@R56]\]. Infected cells were collected by trypsinization 48 hours post infection. T-ag was stained with AlexaFluor488-conjugated anti-mouse. Fluorescence of 10,000 cells was detected using the FL-1 sensor of a BD FACSCalibur, and the data analyzed by Cyflogic software.

Time-lapse microscopy {#s4_8}
---------------------

MCF7 cells expressing p53-venus fusion protein were seeded on MatTek 6-well plates in transparent RPMI medium with 5% FCS. Cells were mock or SV40-infected, washed and placed in a climate control chamber inside the microscope. Images were acquired at 20 minutes intervals for 48 hours. The data obtained from time-lapse movies was analyzed using Matlab scripts developed in house.

ChIP experiments {#s4_9}
----------------

ChIP was performed as described by Carey et al \[[@R97]\], except that the cells were harvested by trypsinization. Cross-linking was performed by adding 1% formaldehyde in PBS to the cell pellet. Aliquots of 100 μl, corresponding to \~2x10^5^ cells, and 3 μg antibody were used for each ChIP assay.

Quantitative real-time PCR of mRNA and viral DNA {#s4_10}
------------------------------------------------

For mRNA analysis, cells were collected by trypsinization and RNA extracted using the total RNA mini-kit (Geneaid) and DNase treatment. 2 μg total RNA was reverse-transcribed into cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The cDNA was mixed with SYBR Green master mix (Applied Biosystems) and with primers, and dispensed in triplicates onto a 384-well or 96-well plate, with HPRT RNA as internal standard.

PCR was performed on a QuantStudio or Step-One-Plus real-time PCR machines.

The forward primer for measuring the level of T-ag mRNA was

SV40 DNA extracted from the ChIP precipitates was measured similarly. The primers for the PCR reaction, CCAGGCACTCCTTTCAAGACC GCAACCAGGTGTGGAAAGTCC, span the *ori* SV40
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